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1. Introduction {#s0005}
===============

Respiratory viruses are aerosolized through breathing, talking, coughing or sneezing and may become infectious bioaerosols ([@b0075]). Infectious bioaerosols have a capability to simultaneously infect a large number of hosts and cause large outbreaks if the source case rapidly sheds large numbers of infectious bioaerosols, as in the case of measles ([@b0140]). In addition, bio-aerosols are able to reproduce the full spectrum of disease at doses much smaller than those required by a large droplet transmission ([@b0170]). Alternatively, when a source case sheds very slowly, secondary attack rates are much lower as suggested in an analysis of human rhinovirus transmission by [@b0110]. Historically, airborne transmissions have been implicated in transmission of acute respiratory infections (ARIs) in a jail ([@b0065]), military barracks ([@b0020]), office buildings ([@b0110]), college dormitories ([@b0160]), and residential buildings ([@b0195]). Most significantly, an analyses of household intervention studies suggested that approximately half of within-home influenza A transmission resulted from exposure to fine particle infectious bioaerosols ([@b0040]). What all of these reports have in common is a high occupant density within rooms. What is less clear is movement of viral aerosols between rooms connected via air pathways, as is well described for transmission of tuberculosis ([@b0115]).

Outbreaks of infectious diseases transmitted via aerosols depend on local environmental conditions that could be controlled to protect human population ([@b0180]). Strategies to protect building occupants from infectious bioaerosols should consider ventilation for its ability to dilute bioaerosol concentrations ([@b0050]). A review suggested strong evidence to associate building ventilation and the transmission of ARI via bioaerosols ([@b0085]). In a Chinese university, prevalence of self-reported common cold ≥ 6 times in a semester was found to be higher (35% compared to 5%) among students living in dormitories with lower mean ventilation rates (1 L/(s person) compared to 5 L/(s person)) ([@b0160]). In U.S. retail stores, a self-reported common cold infection rate was lower by 43% in stores where ventilation rate was greater (0.5 ACH compared to 1.2 ACH) ([@b0200]).

Since the 1950s, scientists have attempted to quantify a relationship between ventilation rate and infection risk by airborne transmission ([@b0175]). The efforts resulted in the famous Wells-Riley equation ([@b0175], [@b0140]), which has been widely used to demonstrate the impact of ventilation rates on infection risk by airborne transmission with the Poisson distribution ([@b0205], [@b0210]). The Wells-Riley equation is as follows:$$P = \frac{C}{S} = 1 - \exp\left( {- \frac{\mathit{Iqpt}}{Q}} \right)$$where *P* is the risk of cross infection, *C* is the number of case to develop infection, *S* is the number of susceptible subjects, *I* is the number of infectors, *p* is the pulmonary ventilation rate of each susceptible subject (m^3^/h), $Q$ is the room ventilation rate (m^3^/h), *q* is the average quantum generation rate produced by one infector (quanta/h) where a quantum of infection is that dose which will on average infect 63% of the exposed, and *t* is the duration of exposure (h). However, without knowledge of the relationship between exposure to infectious viral aerosols and risk of infection (i.e. viral particles per infectious quantum) for the specified disease, it is not possible to accurately predict risk of infection and optimal ventilation rate. If a proper ventilation rate for airborne infection control is to be derived, in-situ observations of both ventilation and ARI rates are needed in actual buildings.

This study is part of a comprehensive study to develop early biomarkers of contagiousness to identify ARI cases soon after the exposure to an infectious agent and before a case transmits the infection. It is purposed to investigate ventilation rate impact on the spread of ARI diseases by airborne transmission in two college dormitory buildings at a state university in the U.S. According to the preliminary investigation, the measured average CO~2~ level was found to be approximately four times higher in a dormitory building with poor ventilation than the average CO~2~ level in a dormitory building with good ventilation ([@b0060]). Coupling these CO~2~ data with the observed viral shedding from 142 influenza cases during 2012--2013 season ([@b0190]), the inhalation exposure during an 8-hour night was calculated by a new equation ([@b0145]) that originated from Eq. [(1)](#e0005){ref-type="disp-formula"}. The calculation predicted exposure to 6 to 79 infectious particles per person depending on average ventilation rates in these dormitory rooms ([@b0025]). These results confirmed the importance for an in-depth understanding of building ventilation impact on airborne transmission.

2. Materials and methods {#s0010}
========================

The multi-zone modeling method is widely accepted for predictions of air infiltration rates, ventilation and concentrations of contaminants, including aerosols, inside buildings. The multi-zone modeling method actually outperforms Computational Fluid Dynamics in the studies focused on long-term dynamic simulations for entire buildings including both mechanical ventilation and air infiltration, if the assumption of well mixed air is applicable. A few studies used multi-zone modeling to characterize temporal variation of air infiltration rates, and contaminant concentrations in actual buildings ([@b0070], [@b0150], [@b0185]). However, none of these studies conducted field experiments to simultaneously collect data on ventilation and track ARI incidence for occupants.

The present study used two buildings with widely varying ventilation rates, one with mechanically driven high ventilation and another one with very low natural ventilation rates. In the two studied buildings, field experiments were carried out during the respiratory virus season from January 24th to May 18th, 2018, approximately four months. The data collection effort continuously monitored CO~2~ concentrations with 154 sensors primarily located in dormitory rooms. At the same time, ARI incidence was tracked for 120 study participants among 755 students living in these two buildings, and a questionnaire on door/window opening was administered to ARI cases and their close contacts. Further, multi-zone models using CONTAM ([@b0045]) were created and calibrated with the measured CO~2~ data for the buildings. These models were further applied to calculate ventilation rates during the experimental time period. In this study, a ventilation rate refers to the rate of outside air entering the dormitory rooms in these buildings through both mechanical ventilation and infiltration.

The multi-zone model for the building with low ventilation was further used to simulate the spread of influenza A viruses by bioaerosols, and the simulation results were compared to the cumulative incidence of viral ARIs confirmed by quantitative polymerase chain reaction assay of nasal and throat swabs using a TaqMan Array Card assay (Thermo-Fisher, San Jose, CA) for a wide range of viral respiratory pathogens ([@b0055]). The detailed methodology introduces the two dormitory buildings under investigation, the distributed CO~2~ monitoring system, and the multi-zone models.

2.1. Studied college dormitory buildings {#s0015}
----------------------------------------

This study was conducted in a campus located at College Park, Maryland, with focus on two neighboring dormitory buildings on the same campus that both were constructed in 1962, so they have the same age, construction type, and general maintenance/ operation protocols. Nevertheless, one of them had a recent major renovation including installation of an outdoor air supplied mechanical ventilation system while the other had undergone a partial renovation a few years earlier with window replacement but no addition of mechanical air supply ventilation, so they were expected to have different rates of outside air entering the buildings. Based on the published literature, differences in ventilation rates should influence the rate of ARIs. Importantly, the set point temperatures for the mechanical air-conditioning systems are the same in these two buildings, i.e. 21 °C in winter and 23 °C in summer, in accordance to the university campus energy standards. These two buildings sit adjacent to each other as shown in [Fig. 1](#f0005){ref-type="fig"} (a), so they are exposed to the same wind conditions presented in [Fig. 1](#f0005){ref-type="fig"}(b).Fig. 1(a) Spatial relationship of HVB and LVB, and (b) local wind conditions.

The building that is referred to as a high ventilation building (HVB) underwent renovation in 2015 to introduce a Dedicated Outdoor Air System (DOAS) ([@b0105]). After the renovation, DOAS provides 100% outside air to all of the HVB dormitory rooms. This building rises 4 stories high with 110 dormitory rooms, including 13 single, 93 double, and 4 triple rooms. Importantly, the building has at least one Air Handling Unit (AHU) on each floor. Every dormitory room has a Fan Coil Unit (FCU) and an inlet for the DOAS to supply outside air. Bathrooms and study lounges have exhaust air returns, driven by a single AHU exhaust fan. The same AHU provides outside air with airflow rates in the range of 7.1--16.5 L/s to dormitory rooms, 37.8--40.1 L/s to lounges, 26.0--73.2 L/s to study rooms, 28.3--44.8 L/s to hallways, and 63.7--169.9 L/s to bathrooms anywhere, depending on room floor areas.

The dormitory building that is referred to as a low ventilation building (LVB) is an 8-story building with 288 dormitory rooms, among which are 58 single, 210 double, 14 triple rooms, and 6 quadruple rooms. The dormitory rooms are located on the 2nd through 8th floor and assigned to two separated heat zones, i.e. north and south wings. Each dormitory room in the building has an FCU for air-conditioning, but no outside air supply. This building only has exhaust air returns in the bathrooms on every residential floor as well as study lounges on the first floor and the basement, which are driven by four exhaust fans. Therefore, ventilation of the dormitory rooms is based on air infiltration through leakage pathways at windows and exterior walls.

Local weather varied in wide ranges during the experimental period, with air temperatures from 0.0 °C to 33.7 °C with average at 9 °C, relative humidity from 15% to 100% with average at 63%, and the wind conditions as illustrated by the wind rose map in [Fig. 1](#f0005){ref-type="fig"}(b). The prevalent wind directions were northwest and southwest, but the wind with a speed greater than 6 m/s primarily came from northwest. The LVB dormitory rooms located at the east side (leeward side) of the building should have lower ventilation rates compared to those at the west side (windward side) due to expected lower infiltration rates.

2.2. Field experiments {#s0020}
----------------------

The field experiments included questionnaires on basic demographic information, respiratory symptoms and contact with others, sample collection by nasal and throat swabs for ARI identification, as well as monitoring of indoor air temperature, relative humidity and CO~2~ concentration in the dormitory buildings. In dormitory buildings, human respiration is the dominant internal CO~2~ source. A high CO~2~ concentration indicates insufficient ventilation to remove indoor human-sourced bioaerosols, which are associated with exhaled human breath. The airborne infection risk can be evaluated by CO~2~ concentrations according to the inherent relationship between exhaled CO~2~ and infectious bioaerosols ([@b0145]). Therefore, in order to quantify ventilation rate impact on laboratory-confirmed ARI attack rates, the focus of this paper is on the monitoring of CO~2~ concentrations, analyzed together with the results of the self-reported survey of door/window opening and ARI incidence. The human studies protocol was reviewed and approved by the University of Maryland, College Park, Institutional Review Board and the U.S. Navy Human Research Protections Office.

### 2.2.1. Monitoring of ARI incidence {#s0025}

The study involved a clinical-epidemiology team that recruited and enrolled participants and monitored ARI incidence among the participants in these two buildings (HVB and LVB) during the experimental period. Students who resided in these buildings and in some other buildings were eligible to enroll in the study and to self-report their illness to the biomedical team for screening. Students enrolled in three academic programs for freshmen were targeted for recruitment. Those residing in the HVB were in a program sponsored by the engineering college. Targeted residents of the LVB were enrolled in programs sponsored by public health and life sciences colleges. The focus of this paper is on the HVB and LVB where the majority of eligible participants resided. Prior to beginning the study, a list of all eligible participants and their e-mail addresses were obtained from the University Registrar and emails were sent to them inviting them to enroll in the study. A unique URL address was emailed to the students to link them to the online informed consent documentation and a questionnaire which contained questions about their baseline health conditions, vaccination history and other relevant social and behavioral information. The participants that had signed the informed consent documentation were then asked to make an appointment in the research clinic to provide baseline biological specimens (upper-respiratory swabs and blood). A second questionnaire was administered and biological specimen collection visit was conducted at the end of the academic year.

Weekly emails were sent to students including the enrollees, to educate them about symptoms of ARI and to remind them to visit the study clinic for screening if they noticed any ARI symptom. At screening for self-reported symptoms, participants were asked to describe their symptoms and date the onset. They were also asked to provide nose and throat swab specimens which were evaluated within 24 h for evidence of infection with viral pathogens commonly implicated in ARIs ([@b0055], [@b0155]) using a qRT-PCR array (TAC assay, TaqMan® Array Card, Thermo Fisher Scientific, Carlsbad, CA). Participants with confirmed infections with certain viruses including influenza A and B, human coronavirus, adenovirus, respiratory syncytial virus, parainfluenza, and human metapneumovirus (not rhinovirus, enterovirus, other respiratory viruses, or bacterial infections) were further enrolled in an in-depth evaluation and asked to provide details of their close contacts, i.e. people with whom they had interacted in past 24 h, and to provide a 30-minute exhaled breath sample ([@b0095], [@b0100]) in the research team's clinic. Exhaled breath samples were analyzed for influenza virus RNA copy number by qRT-PCR as previously described ([@b0190]) with a lower limit of detection of 250 RNA copies per 30-minute sample (limit of quantification of 2.5 × 10^3^ RNA copies per 30-minute sample) in particles \< 5 µm in aerodynamic diameter. Close contacts, (frequently roommates) named by cases enrolled for in-depth evaluation, were invited to enroll in the study and were screened by daily collection of questionnaires and upper-respiratory swabs, analyzed using TAC assays, for upper to 7 days for evidence of infection with viral pathogens and possible transmission. Questionnaires for contacts included symptoms and identification of their close contacts.

According to the questionnaires, the residents of the HVB and LVB were similar with regard to age, gender, hours spent in dormitory room, smoking and asthma prevalence, and body mass index (BMI), as detailed in [Table 1](#t0005){ref-type="table"} . The residents' reported stress levels as measured by the Perceived Stress Scale (PSS) ([@b0035]) were also similar. There was a trend toward lower rates of influenza vaccination among HVB residents compared with those in the LVB, but it did not reach statistical significance during the experimental period. Moreover, in [Table 1](#t0005){ref-type="table"}, the differences between the means were tested using the Mann-Whitney test, while the differences between two populations were tested using the Fisher exact test. There were no significant differences between the two populations from the HVB and the LVB, respectively.Table 1Characteristics of subjects in HVB and LVB.TermsHVB Subjects\
\[N (%)\]LVB Subjects\
\[N (%)\]p-valueNumber of subjects11109--Age (mean ± SD)18.8 ± 0.518.9 ± 0.60.96Female7 (63.6)69 (63.3)1.00Hours/day in room[a](#tblfn1){ref-type="table-fn"} (mean ± SD)12.1 ± 3.012.6 ± 2.50.81PSS[b](#tblfn2){ref-type="table-fn"} (mean ± SD)20.5 ± 4.019.9 ± 4.30.46First academic year8 (72.7)95 (87.2)0.81Smoke1 (9.1)9 (8.3)1.00Asthma2 (18.2)16 (14.7)0.68Received influenza vaccine for current year1 (9.1)46 (42.2)0.18Received influenza vaccine for previous year2 (18.2)63 (57.8)0.14BMI, Kg/m^2^ (mean ± SD)24.4 ± 7.424.0 ± 2.70.39[^1][^2][^3]

For estimation of ARI incidence in students, person-time was computed as the interval between the first clinical encounter and the last clinical encounter or survey. Participant who only completed the online baseline survey were not considered to have contributed person time. An ARI detected at the first clinical encounter (e.g. at baseline or a screening visit) was not counted as a case because person-time at risk could not be determined. In other words, only students with at least two study encounters were considered to have been under surveillance during the intervening period between their first study encounter and their last study encounter. ARI detected after the first clinical encounter were counted. The dormitory buildings were closed during the spring break (March 18th--25th, 2018). As a result, there was no exposure in the dormitory buildings for the participants, and if someone got infected, we could not detect it during the period. Therefore, the days during the spring break were not taken as person-time contribution. Because we tested for multiple viral ARI pathogens, it was possible for a subject to test positive as a case multiple times, each for different viral pathogens, during the study. Dual infections were counted as two infections.

Further details of ARI monitoring will be introduced in other upcoming publications. In this paper, the primary focus is on ARI incidence in two buildings, temporospatial clustering of specific viral infections and the potential for this methodology to conclusively identify the impact of ventilation rate on building associated ARI risk, and to identify scenarios for ARI transmission via aerosols.

### 2.2.2. Self-report survey of door/window opening {#s0030}

Participants enrolled in the in-depth case evaluation and their close contacts who enrolled in the contact surveillance were asked to complete a questionnaire (once for the cases and daily during follow-up for the contacts), regarding the frequency and time period when the participants opened their windows and door. Thus, by design, data collection about door and window opening was focused on cases and their close contacts and data for other participants' rooms was not obtained. The questions were as follows:Did you have the window in your dormitory room open during the night?During the last 24 h, while you were in your dormitory room, did you open the window? About how long did you have it open?During the last 24 h, while you were in your dormitory room, did you open the door and leave it open? About how long did you have it open?

### 2.2.3. Measurement of CO~2~ concentrations {#s0035}

Two types of wireless sensors, i.e. HOBO (MX1102, Onset Computer Corporation, Bourne, MA) Bluetooth sensors and Paragon Robotics (SC75, Paragon Robotics, LLC, Bedford Heights, OH) Wi-Fi sensors were used in CO~2~ measurement. HOBO sensors can measure CO~2~ concentrations in the detection range from 0 to 5000 ppm, with an accuracy of ±50 ppm, while Paragon CO~2~ sensors work in the detection range from 0 to 10000 ppm, with an accuracy of ±100 ppm. Overall, 154 CO~2~ sensors in total were evenly dispersed in the dormitory rooms on the 1st through 4th floors of the HVB, and on the 2nd through 7th floors of the LVB, as shown in an example given in [Fig. 2](#f0010){ref-type="fig"} . CO~2~ sensors were placed high on the wall, opposite to the windows and next to the doors, to avoid being near student beds or desks and receiving a direct plume of exhaled CO~2~. This location creates a possibility for an increased sensitivity to airflow with an open door, but this would be less impactful to the measured CO~2~ values than direct airflow from a window or exhalation from room occupants. In addition, Gateways/Routers were installed to transfer the data from Paragon sensors to a server. The sensors collected data points every 15 min to conserve batteries and still allow dynamic monitoring in private student dormitory rooms during the four months of the experimentation. The original data collection began in October 2017 and ended in May 2018, which includes test deployments, sensor calibration, and improvements in experimental protocols. Therefore, the data used in the analysis of building ventilation rates and the calibration of the multi-zone models were collected in the final four months of the experimental time period.Fig. 2Sensor deployment plan for the 5th floor at the north wing of the LVB.

The access to the sensors within dormitory rooms was limited to the time period when occupants were on spring break with a few exceptions that required both occupant and the department of resident life permissions. Therefore, a large number of sensors were installed knowing that, over the four months of data collection, some would become faulty and/or unable to provide data for some or all of their life span, a hypothesis which was proved to be correct. In the end, reliable CO~2~ data was collected for 103 dormitory rooms, 35 in the HVB and 68 in the LVB, which is 67% of the original 154 deployed sensors. Overall, this experimental effort collected a rather large dataset for dormitory rooms allowing for in-depth analyses during later steps in the study.

In order to use the CO~2~ concentrations in the analyses of ventilation rates, each sensor was individually calibrated with a linear equation obtained from a correlation between known and measured CO~2~ concentrations. Sensor calibration occurred at two points in time. The initial sensor calibration was done in January 2018, and the final calibration was done in June 2018. The sensors were put in pressurized chambers for three hours at known CO~2~ concentrations of 500, 1000, and 5000 ppm. The average steady-state CO~2~ concentration in the last 10 min was calculated for each known concentration and the points were used to create a linear curve. The linear equations from each calibration point in time (January and June) were applied to the uncalibrated data as a time-step function, so that the initial and final calibration equations were not equally applied to each date, depending on the time span between data calibration and data collection dates. The following equation uses two calibration curves and combines them to produce a time dependent equation that resulted in calibrated CO~2~ concentrations for each measured concentration:$$y = \frac{N_{0} - N_{i}}{N_{0}}{(a_{1}x + b_{1})} + \frac{N_{i}}{N_{0}}{(a_{2}x + b_{2})}$$where *N~i~* is the number of days from the sensor's initial calibration date to the data collection date, *N~0~* is the total number of days between the two calibration dates for the sensor, *a* and *b* are the slopes and intercepts of the respective equations determined from the pressure chamber tests, and *x* and *y* are the uncalibrated and calibrated CO~2~ concentrations in ppm, respectively. Moreover, the subscript *1* and *2* represent the initial and final calibration, respectively.

2.3. Multi-zone modelling of dormitory buildings {#s0040}
------------------------------------------------

This section will introduce the details of the multi-zone models for two dormitory buildings, as well as the validation of the two models and the setup for the models to calculate ventilation rate and cross-contamination of influenza A viruses in the dormitory buildings.

### 2.3.1. Multi-zone modeling for dormitory buildings {#s0045}

Multi-zone models for HVB and LVB were created based on floor plans, mechanical schedules, mechanical ventilation network, and mechanical ventilation system test reports. Each model consists of three components: (1) a building geometry representation, (2) airflow paths for air infiltration, and (3) airflow paths for the mechanical ventilation system. A building geometry representation in a multi-zone model is made up of zones with walls, windows and doors on each floor. Each zone, representing a dormitory room, bathroom, lounge, hallway, or storage, was created according to the volume and height of the actual floor plan. As a result, HVB model had 229 zones and LVB model had 529 zones in total. [Fig. 3](#f0015){ref-type="fig"} shows the representation of multi-zone models for the 4th floor of HVB and the 2nd floor of LVB.Fig. 3Multi-zone models for HVB and LVB: (a) floor plan for the 4th floor in the HVB; (b) the 4th floor in the HVB model; (c) floor plan for the 2nd floor in the LVB; (d) the 2nd floor in the LVB model. Green solid circle in (d) highlights the internal wall leakage pathway between the bathroom (RM4 in [Fig. 12](#f0060){ref-type="fig"}) and its adjacent bedroom (RM3 in [Fig. 12](#f0060){ref-type="fig"}). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

After the physical borders of the dormitory interiors were drawn, the airflow paths were included in the models. Openings were modeled with two types of airflow paths, e.g. closed airflow paths with all of windows and doors closed, and open airflow paths with the windows and doors opened in the dormitory rooms according to the self-reported survey data. Besides windows and doors, airflow paths also included leakages in the interior and exterior walls of the buildings. As a result, there were 983 airflow paths in the HVB model, and 1836 airflow paths in the LVB model.

[Fig. 4](#f0020){ref-type="fig"} (a) presents an example for six different airflow paths in an HVB dormitory room. With closed airflow paths, air infiltration through air leakages of windows, doors and walls were calculated with the following equation:$$Q = C_{d}A\sqrt{\frac{2\Delta P}{\rho}}$$where *Q* is the volumetric airflow rate, which can be taken as the room ventilation rate defined above, \[m^3^/s\], *C~d~* is a discharge coefficient \[--\], which was 1 in the models, *A* is the leakage area, with its unit to be \[cm^2^\] for windows/doors and \[cm^2^/m^2^\] for walls, Δ*P* is the pressure drop across the opening \[Pa\], which was set to be 4 Pa according to the CONTAM Flow Element Library ([@b0125]), and *ρ* is the air density \[kg/m^3^\].Fig. 4Airflow paths in a room of the HVB: (a) closed airflow paths; and (b) open airflow paths.

For open airflow paths, the study determined whether a door or window was open according to the survey result, and assumed that the doors were opened at 45° and the windows were opened halfway based on observation of two dormitories. Then airflow paths were redefined for the open doors and windows. The volumetric airflow rate *Q* was calculated using the following equation for both open doors (large openings) and windows (small openings):$$Q = C_{d}\left( {\Delta P} \right)^{n}$$where *n* is a flow exponent \[--\]. In two models, *C~d~* was 0.65 for open doors and 0.6 for open windows, *n* was 0.5 for open doors and 0.65 for open windows. In Eq. [(4)](#e0020){ref-type="disp-formula"}, Δ*P* was calculated as a function of volume flow rate through the windows or doors. The example of open windows is given in [Fig. 4](#f0020){ref-type="fig"}(b) for the same room as the one in [Fig. 4](#f0020){ref-type="fig"}(a).

The mechanical ventilation systems were integrated in the models as shown in [Fig. 3](#f0015){ref-type="fig"}. In both building models, the exhaust outlets in larger rooms such as the community bathrooms and some of the lounges and study rooms, were defined as air outlets with one-way flow paths. The main difference between the two models was that each individual dormitory room in the HVB model also contained an outside air supply, positioned on an opposite wall to the wall with FCU. The outside air supplies were defined as one-way flow paths into the dormitory rooms, with the amount of airflow corresponding to that defined in the mechanical ventilation system test reports.

### 2.3.2. Calibration of multi-zone models {#s0050}

Multi-zone models were calibrated with closed airflow paths. Each airflow path and its leakage were calibrated by comparing the measured and simulated CO~2~ concentrations for the rooms with available experimental data. For the rooms without experimental data, the leakages were set to be the same as the calibrated ones, a reasonable assumption for buildings with the external enclosure and internal partitions being constructed with the same components at the same time period.

The calibration process used the CO~2~ concentrations measured during the nighttime on Tuesdays, Wednesdays and Thursdays, based on the assumption that most of the students should be sleeping in their dormitory rooms. Specifically, the calibration process used the mean CO~2~ concentrations during 00:00 and 6:00 on March 27th, 28th and 29th, 2018. In these hours, wind direction varied between 272° and 282° with 278° on average, and wind speed varied between 0.5 m/s and 2.3 m/s. Accordingly, measured CO~2~ concentrations reflected the concentration levels under steady source of CO~2~ because the changes in occupancy rate were minimal in the studied dormitory rooms. Finally, reliable experimental data in 9 dormitory rooms in the HVB and 12 dormitory rooms in the LVB allowed model calibration of opening characteristic of leakage areas.

The simulations were conducted with the transient weather conditions from the local weather data including hourly air temperatures, ambient air pressures and wind conditions. In addition, we created a schedule for all the residents in the dormitories, assuming they stayed in their rooms from 20:00 to 7:00 of the next day, exhaling CO~2~ at a rate of 0.31 L/min. The ambient CO~2~ concentration was set to be 432 ppm according to the data measured at Capital Heights, MD by The North East Corridor Project ([@b0080]).

### 2.3.3. Calculations of a seasonal average ventilation rate {#s0055}

With the calibrated multi-zone models, long-term simulations were run to calculate hourly ventilation rates in these two buildings for the study time period during spring 2018. A weather file with hourly inputs from January 24th through May 18th, 2018 was incorporated in the simulations to model accurate transition of ambient pressures, air temperatures and wind directions and speeds. Simulations were run for each building, and the outdoor air flow entering the rooms by mechanical system or infiltration were summed and averaged over the experimental period for each dormitory room. In addition, according to the survey on door/window opening, which was optional, there was a significant use of door/window opening in twenty dormitory rooms of the LVB. With the survey data, ventilation rates were recalculated to account for open airflow paths in these twenty rooms during the hours reported to have had doors and/or windows opened.

### 2.3.4. Spread of airborne infectious bioaerosols {#s0060}

Clusters of participants representing potential building-related transmission events were identified, regardless of whether they reported each other as close contacts in the questionnaires administered to cases and contacts, by manually examining time of onset and detection and physical location of their assigned dormitory rooms. A pair of influenza A with onset of symptoms on consecutive days and residing in rooms located across the hallway from each other was identified. Symptom onset was February 6th for the first case and February 7th for the second case. The two cases were further analyzed to model the potential for aerosol spread of influenza A viruses from the room of the case with the earlier onset into the surrounding rooms with multi-zone modeling by introducing influenza A virus (RNA copies) bioaerosols as a contaminant in the model. Analysis of influenza aerosols in exhaled breath and air in healthcare facilities consistently demonstrates the human influenza aerosols are predominantly in the \<5 µm size range ([@b0090], [@b0120], [@b0100], [@b0190]). Therefore, in the simulations, bioaerosols were assumed to have an aerodynamic size of \<5 µm, and treated as a gaseous contaminant ([@b0165]). According to the measurement of the clinical-epidemiology team, limit of detection ([@b0005]) for influenza A virus was 250 virus particles per 30 min sample. The shedding rate was calculated to be 354 viral RNA per hour for the infected occupant in the source room. Considering that influenza may be contagious prior to onset of symptoms, the simulation time period for the spread of infectious bioaerosols was from February 5th to February 7th, 2018. Because we had no information about when the index person stayed in the room, the simulation assumed a continuous source for influenza A virus. The airflow rates were calculated with the LVB model with closed airflow paths and used to map the flow of air and contaminant between the adjacent rooms.

3. Results {#s0065}
==========

We begin by presenting results of in-situ data collection with the focus on the data used to calibrate multi-zone models. Further, the calibrated models provided seasonally averaged ventilation rates for all dormitory rooms in the studied buildings. These datasets provided a foundation for the analyses of a relationship between the ARI incidence and ventilation rates. Finally, a case study with two influenza A cases provided data to investigate potential for infectious bioaerosols to expose occupants of neighboring dormitory rooms.

3.1. Experimental result of CO~2~ concentrations {#s0070}
------------------------------------------------

After data collection and sensor calibration, this study executed data cleaning by removing CO~2~ concentrations with the values lower than 400 ppm or greater than the upper limits of the sensor detection range. This process resulted in 668,390 useful data points from over 1 million measurements that represented a success rate of roughly 67% in the data collection effort under a very limited access to the sensors. [Fig. 5](#f0025){ref-type="fig"} shows data distribution of the CO~2~ concentrations in the dormitory rooms for both HVB and LVB. In both buildings, the data measured by each sensor greatly varied with the hourly occupancy rates, especially evident in the LVB. As shown in [Table 2](#t0010){ref-type="table"} , both the average and standard deviation of CO~2~ concentrations were lower in the HVB. These results were expected because, assuming constant generation rates, the lower the ventilation rate the higher CO~2~ concentrations due to a slow process of dilution. In accordance with the local wind conditions shown in [Fig. 1](#f0005){ref-type="fig"}(b), the average and standard deviation of CO~2~ concentrations were higher in the dormitory rooms at the leeward side of LVB. Furthermore, [Table 3](#t0015){ref-type="table"} also shows that the dormitory rooms at the windward side of the building had a better ventilation and lower ARI rates than those at the leeward side of the LVB. It should be noted that, a total of 4546 CO~2~ concentrations measured by 27 HOBO sensors installed in the LVB dormitory rooms exceeded the upper limit of 5000 ppm. This upper detection limit was met in 0.7% of all useful CO~2~ data points. Therefore, the variation and the average of CO~2~ concentrations in the LVB dormitory rooms are slightly underestimated due to the upper detection limit of HOBO sensors being at 5000 ppm.Fig. 5Measured CO~2~ concentrations in the dormitory rooms in: (a) HVB; and (b) LVB, where the red diamonds denote the rooms with ARI cases.Table 2Comparison of CO~2~ concentrations, room and individual ventilation rates, and ARI rates in the HVB and LVB.Dormitory buildingsHVBLVBMeasured CO~2~ concentration in the rooms with sensorsAverage \[ppm\]12301492Std. \[ppm\]408837Calculated ventilation rates in all dormitory roomsRoom \[L/s\]12.14.0Individual \[L/(s person)\]6.62.3Calculated ventilation rates in participants\' roomsRoom \[L/s\]11.84.0Individual \[L/(s person)\]5.92.0Observed ARI infections in participants\' roomsNumber/Percent of ARI cases1/2.1%47/97.9%Person-days contribution5226069ARI rate per person-year[a](#tblfn3){ref-type="table-fn"}0.702.83[^4]Table 3Comparison of CO~2~ concentrations, room and individual ventilation rates, and ARI rates at the leeward and windward sides of the LVB.Building sidesWindwardLeewardMeasured CO~2~ concentration in the rooms with sensorsAverage \[ppm\]14001596Std. \[ppm\]777906Calculated ventilation rates in all dormitory roomsRoom \[L/s\]4.13.9Individual \[L/(s person)\]2.52.1Calculated ventilation rates in participants\' roomsRoom \[L/s\]4.33.9Individual \[L/(s person)\]2.11.9Observed ARI infections in participants\' roomsPercent of rooms with ARI cases32.4%36.4%Number/Percent of ARI cases17/36.2%30/63.8%Person-days contribution26323437ARI rate per person-year[a](#tblfn4){ref-type="table-fn"}2.363.19[^5]

[Fig. 6](#f0030){ref-type="fig"} shows the variations of hourly averaged CO~2~ concentrations on weekdays and weekends in the double rooms in both buildings. Only the data in double rooms were chosen to directly compare the results in two buildings. This constraint is appropriate because all studied dormitory rooms in the HVB, and 91% of the studied dormitory rooms (62) in the LVB were double rooms. Importantly, [Fig. 6](#f0030){ref-type="fig"} does not include the data measured during the spring break (March 18th--25th, 2018) because these data sets are not representative of typical room conditions when occupants were present. As calculated, daily average CO~2~ concentration was 1219 ppm on weekdays and slightly higher with 1231 ppm on weekends in HVB. The daily average CO~2~ concentration was 1375 ppm on weekdays, and it had a much higher value of 1540 ppm on weekends in the LVB.Fig. 6Hourly averaged CO~2~ concentrations in dormitory rooms during: (a) weekdays in the HVB; (b) weekends in the HVB; (c) weekdays in the LVB; and (d) weekends in the LVB.

According to [Fig. 6](#f0030){ref-type="fig"}, the variations of hourly averaged CO~2~ concentrations presented different patterns in these two buildings. In the HVB, with steady outside air supply by the DOAS system, the hourly averaged CO~2~ concentration for each room were in a repeatable and narrow range throughout the day. In the LVB, infiltration could not provide sufficient outside air to counteract the changes in CO~2~ source strength, i.e. number of occupants. On weekdays, hourly averaged CO~2~ concentrations in the LVB rooms and their standard deviations showed a similar variation trend. In the morning, they slowly increased to the peak at around 10 AM. This was more likely to be caused by the increased metabolic activity during waking, not by the increased occupancy. They then decreased as the student left for classes, and started to increase again after 8 PM as most of the students came back their rooms, and finally trended to a stable value after the students fell asleep. The hourly averaged CO~2~ concentrations and their standard deviations had a similar variation pattern during weekends, but the peak in the morning and the time of onset in CO~2~ increase during the evening both shifted by one hour ahead. The results were consistent with concept that CO~2~ generation rates from building occupants generally increases with their physical activity levels ([@b0130]) and the idea that students usually spent more time in the dormitory and were more active in their dormitory rooms on the weekends. This potentially resulted in a greater exposure risk on the weekends for the students when they were staying in their rooms, because they generated more bioaerosols and had greater inhalation rate.

Moreover, according to the survey data, the students spent on average 11.9 h in their rooms. It's conceivable that most of these hours were spent during the night. Therefore, ARI transmissions in the LVB could have most likely occurred during the nighttime while all residents were asleep, breathing at a constant rate, and providing a constant infectious bioaerosols source flow.

3.2. Model calibration by CO~2~ concentrations {#s0075}
----------------------------------------------

[Fig. 7](#f0035){ref-type="fig"} compares the measured and calculated data in 9 HVB rooms and 12 LVB rooms. The simulated CO~2~ concentrations had few variations between the HVB rooms because the room ventilation rates were determined by the DOAS system, almost independent to outside wind conditions. In contract, the simulated CO~2~ concentrations greatly varied between the rooms in the LVB with infiltration ventilation, as well as the experimental data.Fig. 7Comparison of measured and model-calculated mean CO~2~ concentrations during 00:00AM and 6:00AM on March 27th, 28th and 29th: (a) HVB; and (b) LVB.

We used four metrics to validate the multi-zone models: (1) normalized mean bias error (NMBE) ([@b0010]), (2) coefficient of variation of root mean square deviation (CVRMSE) ([@b0010]), (3) percentage mean absolute error (PMAE) ([@b0015]), and (4) percentage mean error (PME) ([@b0015]). The simulation models of actual buildings are considered to have high quality if a CVRSME is less than 30% and an NMBE is within ±10% when simulated data are compared to hourly measured data ([@b0010]). These metrics were calculated and presented in [Table 4](#t0020){ref-type="table"} . The order of magnitude given for the metrics indicated reliable results for ventilation rates in the two studied dormitory buildings based on the calculated level of model accuracy. In fact, given different modeling assumptions and great difficulties in data collection/calibration at the entire building scale, it is very difficult and therefore rarely reported for the validation of such large-scale multi-zone models.Table 4Calibration of multi-zone models.Multizone modelsNMBECVRMSEPMAEPMEHVB−6.5%9.5%6.7%−6.2%LVB−0.5%7.3%5.8%0.1%

3.3. Seasonal average ventilation rates in two dormitory building {#s0080}
-----------------------------------------------------------------

We assessed ventilation rates as the amount of the available outside air both per room and per occupant. Individual ventilation rate for a room was calculated by dividing the room ventilation rate with the number of occupants. This is an important distinction because the actual risk of ARI depends on the ventilation rate per occupant rather than a commonly reported ventilation for room. This distinction also allowed for exploring the influence of population density on the risk of ARI.

### 3.3.1. Room ventilation rates in all dormitory rooms {#s0085}

We calculated average ventilation rates with the calibrated multi-zone models for the four-month experimental study. Results are shown in [Fig. 8](#f0040){ref-type="fig"} . According to [Table 2](#t0010){ref-type="table"}, the HVB had an average ventilation rate three times higher than that in the LVB. We could obtain the similar results if changing the unit to be air change per hour (ACH) (1ACH for HVB compared to 0.3 AVH for LVB). Only one HVB dormitory room had a ventilation rate under 9 L/s; in contrast only four of the LVB dormitory rooms had a ventilation rate above 9 L/s. In both buildings, the overall average ventilation rate was determined by the rates in those double rooms because, of all rooms, 85% in the HVB and 73% in the LVB are double rooms. In the HVB, room ventilation rate increased with room occupancy as designed. In contrast, there was no such intentional increase in room ventilation rates with room occupancy in the LVB. Average ventilation rate was a little higher for triple rooms, which are at the corners, marked with "\*" in [Fig. 3](#f0015){ref-type="fig"}(c). They have three windows while most of dormitory rooms only have one. Furthermore, half of these triple rooms were exposed to the highest wind speeds from the northwest, as illustrated in [Fig. 1](#f0005){ref-type="fig"}(b). Moreover, there was a trend toward the average ventilation rate of the rooms at the windward side being higher than that of the rooms at the leeward side of the LVB building, as shown in [Table 3](#t0015){ref-type="table"}, but this was not statistically significant (t = 0.669, p = 0.504).Fig. 8Room ventilation rates in: (a) HVB; and (b) LVB, where, SGL, DBL, TRP, and QDP denote single, double, triples, and quadruple rooms, respectively.

### 3.3.2. Individual ventilation rates in all dormitory rooms {#s0090}

As shown in [Table 2](#t0010){ref-type="table"}, residents in the HVB had supplied with approximately three times more outside air than those in the LVB. More importantly, a ventilation rate of 5 L/(s person) indicated a threshold to distinguish high ventilation and low ventilation for the buildings, as shown in [Fig. 9](#f0045){ref-type="fig"} . The individual ventilation rates were gradually decreased with the increase in room occupancy, which could not be captured with the room ventilation rate calculations. For example, in the HVB, the residents in single rooms had almost twice the amount of the outside air compared to the amount for those living in triple rooms. The individual ventilation rates in the LVB had the same trend, but much lower values. As a result, only 4.2% of LVB dormitory rooms (12 out of 286) had individual ventilation rates above 5 L/(s person); moreover, all were single rooms except for one double room. And the individual ventilation rate was only 0.76 L/(s person) on average for each resident living in the LVB quadruple rooms. As shown in [Table 3](#t0015){ref-type="table"}, the average individual ventilation rates were lower for the rooms at the leeward side than for the room at the windward side of the LVB building, which was also the case for the room ventilation rates. However, the difference in individual ventilation rates were statistically significant (t = 2.685, p = 0.008).Fig. 9Individual ventilation rates in: (a) HVB; and (b) LVB, where, SGL, DBL, TRP, and QDP denote single, double, triples, and quadruple rooms, respectively.

3.4. ARI and ventilation rates in the participant dormitory rooms {#s0095}
-----------------------------------------------------------------

Over the course of the four-month study, a total of 120 students from these two buildings who had at least 2 study encounters and were considered to have contributed person-time during which we monitored ARI incidence. Specifically, 11 HVB participants lived in 11 dormitory rooms and contributed 522 person-days of observation while 109 LVB participants lived in 81 dormitory rooms and contributed 6069 person-days of observation. 81 LVB dormitory rooms included 2 single, 70 double, 4 triple and 5 quadruple rooms. There was one laboratory-confirmed ARI case in an HVB room, and 47 cases in 28 LVB rooms, showing a difference in ARI rates in person-year in two buildings (see [Table2](#t0010){ref-type="table"}). Only three laboratory-confirmed ARI cases, among which one was in the HVB and two were in the LVB, occurred in the rooms with an individual ventilation rate greater than 5 L/(s person).

In the LVB, 34% double rooms, 25% triple rooms and 40% quadruple rooms had confirmed ARI cases. There were only two single rooms among the participant rooms in LVB; therefore, the data could not provide statistically meaningful information for this room type. Moreover, as summarized in [Table 3](#t0015){ref-type="table"}, there were 4% more participant rooms at the LVB leeward side to have ARI cases; and ARI cases occurred for the participants living at the leeward side were nearly twice of ARI cases at the windward side of the building. As a result, ARI rate in person-year was greater in the leeward side of LVB.

3.5. Impacts of door/window opening on room ventilation rates in LVB {#s0100}
--------------------------------------------------------------------

To analyze the impact of door and window opening, we used questionnaire data supplied by cases and contacts as described in methods. A total of 79 building occupants, 4 in the HVB and 75 in the LVB, completed the door/window questionnaire at least once. Overall, 56 were cases undergoing in-depth evaluation (1 in the HVB and 55 in the LVB) and 56 were contacts named by cases (3 in the HVB and 53 in the LVB). Roommates of ARI cases accounted for a total of 32 of the respondents, one participant in the HVB and 31 in the LVB. However, only 25 participants, 2 in the HVB and 23 in the LVB, filled in the survey every day when they participated. Moreover, of these 25 participants, merely 20 living in the LVB reported significant use of open windows/door to their rooms. The increase of room ventilation rates due to door/window opening in these 20 dormitory rooms in the LVB were calculated with the multi-zone model with open airflow paths. The results are illustrated in [Fig. 10](#f0050){ref-type="fig"} .Fig. 10Ventilation rate under different window/door opening scenarios in 20 LVB dormitory rooms, where horizontal lines represent averaged values.

As shown in [Fig. 10](#f0050){ref-type="fig"}, infiltration ventilation was apparently enhanced by opening doors and windows, especially by opening windows which directly introduced outdoor air into the rooms. Average ventilation rate of twenty rooms increased from 2.3 L/s with no openings to 7.5 L/s by opening windows, 3.6 L/s by opening doors, and 8.8 L/s by opening both windows and doors. Most notable is Room 12, which has three windows while majority of other rooms have only one, and therefore experienced a very large increase (17.0 L/s) in ventilation, when they were all opened.

The sizeable increase in ventilation due to this minimal open airflow path change indicates the effectiveness of infiltration ventilation in the LVB. The issue with relying on this type of ventilation is the seasonal variation in window usage. Students were less likely to have their window open in January, February, and March, i.e. during the winter respiratory virus season ("flu season"), likely due to the low temperature outside. Therefore, it can be assumed that infiltration of outside air through the window leakage is a small percentage of a room's ventilation during the majority of the ARI surveillance period.

3.6. LVB cluster of influenza a {#s0105}
-------------------------------

This study examined a potential airborne cross-contamination for a pair of participants who were diagnosed with influenza A H3 virus infection on two consecutive days. [Fig. 12](#f0060){ref-type="fig"} shows a section of the LVB floor plan; rooms with cases of influenza A were denoted using "\*" symbol. In this case study, the initial identification of an influenza A virus infection occurred for a participant living in room RM5, while the participant volunteered for screening because of symptoms; a participant living in MR3 volunteered because of symptoms and was identified as infected with the same subtype of influenza one day after. To examine whether the case in RM3 could have been infected via viral aerosol movement between rooms, an aerobiologic pathway between rooms was investigated by simulating the spread of influenza A virus from RM5, using the calibrated multi-zone model with closed airflow paths for the LVB and the fine particle aerosol shedding rate of the case in RM5.

[Fig. 11](#f0055){ref-type="fig"} shows the concentrations of viral aerosols in RM5 and RM3 during the simulation period. In both RM5 and RM3 room, the concentrations of viral aerosols reached the steady state 6 h after the release. The residents living in RM3 were exposed to the increasing concentration of influenza A virus during the nighttime on February 5th. And in the following days, they would continuously be exposed to the viral aerosol from RM5 at a concentration of around 0.05 viral RNA/m^3^ when they were in their room.Fig. 11Influenza A virus concentrations in room RM3 and RM5 during February 5th.

[Fig. 12](#f0060){ref-type="fig"} presents the airflows between the zones and modeled RNA-copy concentrations in RM3, RM5, and their neighboring zones, after 8-hour simulation period. To illustrate importance of local airflow patterns, [Fig. 12](#f0060){ref-type="fig"}(a) shows the airflow map between the zones and RNA-copy concentrations in RM3, RM5, and their neighboring zones.Fig. 12Concentration distribution of bioaerosols carrying influenza A viruses 8 h after the release in the source room RM5: (a) airflow map with a linear scaling; and (b) concentration distribution of influenza A virus with logarithmic scaling, where DBL denotes double room, BTH denotes bathroom, JAN denotes the janitor's closet, \* denotes the room with influenza infections, F1 and F2 are two exhaust fans with an airflow rate of 72.2 L/s and 24.1 L/s, respectively.

To illustrate importance and complexity of local airflow patterns, [Fig. 12](#f0060){ref-type="fig"}(a) presents the airflows coming in and going out of each room. All of the rooms, except for RM3, had airflows moving toward the hallway. Air entering RM3 from the outside, RM2, and the hallway exited by infiltrated into the bathroom (RM4) through wall leakage and then was sent outside by the exhaust fan located in the bathroom and denoted as F1 in [Fig. 12](#f0060){ref-type="fig"}. As a result, RM3 was unique, the only dormitory room on the hallway that had an aerobiologic pathway connecting it to RM5 (RM5 → Hallway → RM3, [Fig. 11](#f0055){ref-type="fig"}), with an estimated viral aerosol concentration of 0.05 viral RNA/m^3^.

Elevated virus concentrations were calculated for hallway (0.23 viral RNA/m^3^), bathroom (RM4) (0.17 viral RNA/m^3^) and janitor's closet (2.9 viral RNA/m^3^) 8 h after the release of viral aerosols. However, janitor's closet was unoccupied, air in the bathroom was directed to the exhausting fan installed at the ceiling, and residents typically spent limited time in both bathroom and hallway. Therefore, the total exposure to influenza A virus should be minimal in these zones. Importantly, during the night, residents in RM3 were continuously being exposed to viral aerosols for many hours. Using exposure times of 5 min in the hallway, 15 min in the bathroom, and 11 h in RM3 (as reported on a questionnaire collected on the day of infection detection) and pulmonary ventilation rates of 10 L/min walking in the hallway, 8 L/min in the bathroom, and 6 L/min while sleeping, the expected exposure in the hall and bathroom would be 5.4% and 9.3% of that overnight in RM3, respectively, if using the concentrations given above.

4. Discussion {#s0110}
=============

These study results demonstrated that multi-zone modeling of large college residence hall can provide a means of realistically characterizing exposures to viral aerosols and identifying aerobiologic pathways for infection transmission between rooms in a naturally ventilated building. A key finding is that merely identifying occupants of neighboring rooms is not sufficient to characterize exposure and risk. These results clearly demonstrate the strengths of the model in its ability to identify and provide a quantitative estimate of exposure to distant-source viral aerosols within the residence hall. In the current model, however, the estimated exposure to infectious aerosols transported across the hallway were minimal and the cases identified each other as social contacts. Thus, distant-source bioaerosol may be a less likely pathway for transmission between the pair of cases described here. Interestingly, the second case in the pair was observed to be shedding \>10^4^ RNA copies/h, but no secondary cases were observed. In terms of infecting persons in neighboring rooms via distant-source aerosols, none would have been expected given the airflow map described ([Fig. 12](#f0060){ref-type="fig"}). Finally, our finding of a strong trend toward increased ARI incidence associated with ventilation rates of less than 5 L/(s person) suggests that very low outdoor air supply rates may be impacting ARI, either by promoting transmission via bioaerosols within the building or by altering host susceptibility to infection.

4.1. Reasonability to ignore infection risk in other public indoor spaces {#s0115}
-------------------------------------------------------------------------

People getting infected is a result from cumulative exposure to infectious viruses ([@bib211]). In addition, many factors, such as the susceptibility to infectious virus ([@b0135]), can affect the occurrence of infection. It is actual that the students might finally get infected in a classroom, in a bus, in a restaurant, or somewhere else. However, if a student was frequently exposed to the same virus in several indoor settings right before getting infected, it was impossible to figure out the exact location for the student to get infected. Specifically, in this study, we ignored the potential for infection transmission in other public indoor spaces, such as classrooms, restaurant, buses, etc., when comparing ARI risk in the two buildings, and investigating ventilation impact on ARI risk, for the following reasons:(1)ARI rate was very low in the HVB. This result also implied a low infection risk in other indoor settings because the HVB residents experienced the same public indoor spaces as the LVB residents.(2)The students might meet in other public indoor spaces as listed above, but only the dormitory buildings presented the students completely different ventilation conditions. In other words, among the daily experienced public indoor spaces, only the dormitory buildings provided their residents unique ventilation conditions significantly different to each other.(3)The students frequently switched their locations they were not in the dormitory buildings. Compared to other public indoor spaces, dormitory building provided the students much longer and more stable exposure to infectious viruses.(4)According to the survey data, the students reported illness at some point spent more time in the dormitory buildings than those who did not. This could potentially cause infection risk increased in the dormitory buildings, and reduced in other public indoor spaces.

4.2. Improving ventilation for the LVB building {#s0120}
-----------------------------------------------

Opening windows can increase LVB room ventilation rate to the levels comparable to ventilation rates in HVB rooms. Therefore, opening windows is an effective measure to improve room ventilation in the LVB. Unfortunately, opening windows is not a viable option most of time during the flu season due to thermal comfort issue that cold outdoor air could create in these rooms. On the other side, for a building with a central air-conditioning system for temperature control, such low infiltration results from intensive high insulation designed to achieve energy savings. From the same perspective, simply opening windows is not a good option for the buildings like the LVB in the flu season.

The investigation also confirmed the influences of outdoor wind conditions on room ventilation and identified a trend toward an association of occupancy rates with increased ARI rates in the LVB. Both ventilation and ARI rates were found to be worst in quadruple rooms although these rooms have the largest floor areas and room volumes. These rooms had a decreased ACH with the increase in room volume, because the outside airflow rate primarily depended on the window and wall crack sizes. The reduction in individual ventilation rate along with the increase in room occupancy was most evident in quadruple rooms. Triple rooms had individual ventilation rate comparable to those in double rooms. This may have been related to having window and wall surfaces located at the windward side of the LVB building, and accounted for the trend toward lower ARI attack rates in the triples. Accordingly, locating triple and quadruple rooms at the windward side of LVB-like buildings could improve ventilation within the constraints of the building's capacity.

4.3. Limitations of the current study {#s0125}
-------------------------------------

The study has several limitations with respect to establishing a quantitative relationship between the ventilation rate and ARI incidence, even though a strong trend was observed. These limitations include inherent sample biases in prediction of ventilation rate and observation of ARI incidence. In terms of prediction of ventilation rate, the timing of door/window opening is important. However, this study did not have sufficient data from a sufficiently wide selection of rooms to approximate ventilation on a typical schedule of student door/window opening habits for all of the rooms. Moreover, the questionnaire about door/window opening was only administered to cases on the day and the days following ARI diagnosis and to contacts of cases on up to seven consecutive days of follow-up. Therefore, with the available survey data, it is not possible to predict an average student schedule of opening windows throughout the flu season. It would be possible to predict these schedules from CO~2~ sensors, but these two buildings were only partially instrumented. Sensor maintenance took place only once or twice during the flu season due to limited room access required by campus residential policies and regulations. As a result, the room coverage rate with CO~2~ sensors was 32% in HVB, and 24% in LVB; there rooms were used as representative samples for these two buildings. The model prediction can be further improved by collecting additional CO~2~ data in the dormitory rooms. Alternatively, the administration of the door/window opening questionnaire to cases and contacts ensured data collection on these critical factors focused on the most critical exposure events, allowing the highest confidence for estimating room-to-room airflow pattern during the relevant time windows. In the future, to remedy the limitation of survey investigation regarding subject and time period selections, we will consider to use motion sensors to record the operation of doors and windows. Such technology can be expected to provide accurate and detailed schedules for door and window opening for all of the rooms of interest during the experimental period.

In terms of ARI incidence, loss of power and potential bias may have been introduced from the skewed participation rates among occupants of the two buildings: 5% in the HVB, and 20% in the LVB. The paucity of person-time contributed by HVB occupants resulted in wide confidence limits and a lack of statistical significance even though the incidence rate ratio was large. Furthermore, we cannot exclude the possibility that the few participants in the HVB were less likely to report symptoms and volunteer for testing than the participants in the LVB where overall participation rate was higher. We note that the HVB residents were students with expressed interest in engineering programs while the LVB residents were students with expressed interest in life sciences and public health. Whether these typical interests are associated with propensity to participate in the study and report illness is unclear. However, these considerations point to a potential for a bias toward overestimating the impact of ventilation and a need to identify methods to increase participation among HVB occupants. Randomization of building assignment so that life science and public health students are not assigned to the LVB every year has not been deemed feasible.

Further work will use deep sequencing of viruses for genetic confirmation of transmission events and counterfactual analyses to test for a causal impact of ventilation on risk of transmission. Transmission at a distance to occupants of neighboring rooms where there is an identifiable aerobiologic pathway (as seen here), when the neighbors are not close social contacts (in contrast to the cases described here) would provide the strongest evidence that a ventilation effect on transmission risk was due to reduced risk of airborne transmission. Alternatively, low ventilation could, in addition to being associated with non-specific building related symptoms, cause increased rates of ARI through a causal impact on host susceptibility to infection. The capability demonstrated here to identify and quantify aerobiologic pathways between rooms will be critical to unravelling these competing, and potentially co-existing effects of ventilation on building occupant health.

The uncertainty of a) ventilation measurements due to incomplete coverage of the buildings with CO~2~ sensors and b) ARI incidence due to low participation rates in the HVB, both contribute to random measurement error. The errors in the ventilation measurements are likely mostly non-differential and bias toward to null. However, the limited person-time from HVB, which clearly limited power, may have been accompanied by a bias toward finding an effect of ventilation. Nevertheless, these data demonstrate that a rigorous approach to identifying and validating the impact of ventilation on ARI incidence is uniquely possible in this environment.

5. Conclusions {#s0130}
==============

This study experimentally investigated CO~2~ variations in two dormitory buildings, i.e. HVB and LVB, and developed calibrated multi-zone models to calculate ventilation rates during an entire flu season. These models also calculated the potential for transport of influenza A viral aerosols between adjacent dormitory rooms and the concentrations and exposures expected for room occupants. According to the results, CO~2~ average concentration was 1230 ± 408 ppm in the HVB and 1492 ± 837 ppm in the LVB. Both room and individual ventilation rates in HVB were three times the amount of ventilation in LVB. This difference between ventilation rates in the two dormitory buildings might be overestimated, because the simulations applied closed airflow paths throughout the whole studied period. Nevertheless, in this study, an individual ventilation of 5 L/(s person) distinguished high ventilation and low ventilation buildings.

A strong trend toward high ARI incidence associated with low outdoor air supply rates was observed. Additional years of monitoring with randomization of academic programs across buildings from year-to-year and/or improved recruitment and retention methods are needed to confirm the findings regarding the impact of ventilation on ARI. Additional studies, easily nested in the current design, will be needed to identify whether an impact of ventilation, if confirmed, is a result of increased transmission risk or altered host susceptibility.

Opening windows was actually an effective measure to increase infiltration ventilation to the rates typically produced by mechanical system, but this measure is not practical during the cold months of the flu season in the northern hemisphere. Thus, alternative measures, such as careful placement of triple and quadruple dormitory rooms and possibly dividing some quads could be explored for impact on ventilation. Importantly, a case study on the cross-contamination of influenza A virus shows that airborne transmission needs to be analyzed based on the detailed airflow map, rather than the spatial relationship between the rooms. Overall, occupants in poorly ventilated buildings, such as the LVB, may have to play an active role in ensuring adequate ventilation and reducing their risk of suffering from ARIs.
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[^1]: Abbreviation. SD: Standard deviation; PSS: Perceived Stress Scale; BMI: Body Mass Index.

[^2]: Response to "In an average 24 h, how many hours do you spend in your own room?".

[^3]: Perceived Stress Scale, a measure of perceived stress. Rated as: mildly stressed (0--13), moderately stressed (14--27), severely stressed (28--40).

[^4]: Incident rate ratio: 4.04 (CI: 0.69--163.02).

[^5]: Incident rate ratio: 1.34 (CI: 0.72--2.61).
